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ThermoelectricMagnesium silicide based solid solutions are highly attractive materials for thermoelectric energy
harvesting due to their abundance and excellent thermoelectric properties. Identiﬁcation and testing
of suitable contacts is – besides material optimization – the major challenge in the development of
thermoelectric modules. We have applied Ni contacts on doped Mg2Si samples using a simple one-step
sintering technique. These contacts were analyzed by combining microstructural analysis with spatially
resolved and temperature dependent contact resistance measurements. We observe very good adhesion,
homogeneous and low contact resistances <10 lX cm2. as well as good stability with temperature. Three
different approaches for determining the contact resistances are compared and the respective errors are
discussed.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Generators from thermoelectric materials can convert waste
heat into usable electrical energy and can thus be a means to
enhance the energy efﬁciency of various applications [1]. These
generators can furthermore be used as energy source were usual
electricity supply is impossible or impractical, e.g. spacecraft and
mobile applications [2]. The efﬁciency of a thermoelectric genera-
tor is approximately proportional to the thermoelectric ﬁgure of
merit ZT of the constituting thermoelectric materials. ZT itself is
a combination of interdependent material properties ZT ¼ rS2j T ,
where r is the electrical conductivity, S the Seebeck coefﬁcient, j
the thermal conductivity and T the absolute temperature.
Silicides and especially magnesium based silicides are very
attractive materials for application in thermoelectric generators
due to their excellent thermoelectric properties, their abundance,
non-toxicity and low density. Employing band structure engineer-
ing, isoelectronic substitution of Si as well as nanostructuring, solid
solutions from Mg2(Si, Ge, Sn) have shown 1 < ZT < 1:5 for several
compositions [3–8].
However, for thermoelectric generators and real applications
material contacting is as important as material optimization. Poor
contacts can signiﬁcantly degrade the module performance or evenlead to device failure [9–11]. A very simple and effective approach
is the ‘‘mono bloc’’ or one-step sintering. In this approach powder
of the thermoelectric material is compacted together with the cho-
sen contact material in a single sintering step, e.g. in an SPS pro-
cess. Due to its simplicity this process has been applied to
several material classes [12,13]. For Mg2Si it has been made popu-
lar by the work of Japanese groups, who have also shown Mg2Si
based thermoelectric generators [9,14–17]. Some of these works
report values for contact resistances, differing however by orders
of magnitude. Furthermore, all reported values are room tempera-
ture values. With target hot side temperatures for Mg2Si based
generators of 400–800 K this is clearly not sufﬁcient. Moreover, lit-
tle has been revealed on the microstructure of the Mg2Si–Ni inter-
face, which is, however, crucial for the fundamental understanding
of contact formation. We have therefore combined spatially
resolved contact resistance measurements to check for contact
homogeneity with temperature dependent measurements of the
integral contact resistance value. We have furthermore analyzed
the microstructure of the contact interface and can show the for-
mation of several different intermediate layers.2. Materials and methods
Mg2Si samples with Ni electrodes were fabricated in a single sintering step
similar to what is described in literature [9,16]. Polycrystalline antimony doped
magnesium silicide (nominal composition Mg2Si0.9875Sb0.0125) with particle size
<200 lm was used as initial source material. Further details on material fabrication
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tested Ni foil with thicknesses of 10 lm, 100 lm and 300 lm. The Mg2Si powder
and the Ni foil were stacked in a sintering form and compacted using current
assisted sintering (DSP 510A, Dr. Fritsch). We have also added several boron nitride
coated graphite foils between the Ni foil and the pressing stamps to facilitate easy
separation of sample and pressing stamps after sintering. Sintering parameters
were Tsinter = 900 C, p = 66 MPa and a holding time of 10 min as we have identiﬁed
these parameters as optimal parameters previously [18]. Sintering atmosphere was
vacuum with p < 0.03 mbar throughout the process. For a Ni thickness of 300 lm
the fraction of cracked samples increased. This could be related to the difference
in coefﬁcient of thermal expansion between Ni and Mg2Si. Apart from that we
found no signiﬁcant inﬂuence of the Ni thickness. After compaction, samples were
cut for measurements. The sample used for the integral measurements had a cross
section of A = 28.6 mm2, a total thickness of 4.36 mm and a Ni foil of 100 lm at each
side. We have used a second sample with A = 6.92 mm2 and thicker Ni electrodes
300 lm for microprobe measurements.
Spatially resolved measurements of electrical potential, contact resistances, and
Seebeck coefﬁcient were performed using a Potential-Seebeck-Microprobe (PSM)
[19,20]. The setup consists of a sample stage and a moveable tip that can contact
the sample at various positions. In Seebeck mode, the tip is heated and the
measured temperature difference between tip and sample as well as the arising
thermoelectric voltage is used to calculate the local Seebeck coefﬁcient at the cor-
responding position of the sample. The Seebeck coefﬁcient is calculated from >20
individual temperature voltage pairs. For Mg2Si we sometimes found a noisy signal,
potentially due to surface oxidation of the sample. The PSM data was therefore ﬁl-
tered and all points showing a standard deviation above a critical threshold (0.3%)
were replaced by the mean measured value. The fraction of these ﬁltered points
was <5%. A Keithley 2700 with a switch card is used to measure temperatures
and thermovoltages. In potential mode a current is driven through the sample
and the tip is used to map the electrical potential at the sample surface. Both cur-
rent amplitude and potential are measured using lock-in ampliﬁers (Femto LIA MV
150 and Stanford Research SRS830).
The tip radius is 25 lm and the additional extension of the heated region in
Mg2Si is 10 lm. PSM measurements were taken with a step width of 25 lm in
the direction perpendicular to the Ni–Mg2Si interface and a step width of 200 lm
in the parallel direction. Measurements of different sample sides were done consec-
utively after rotating the sample.
Integral measurements of electrical conductivity and contact resistances were
performed in a custom-built setup described in Ref. [21]. The sample was placed
between two copper blocks, contacted with a liquid metal solder and an alternating
current was driven through blocks and sample, see Fig. 1. Two voltage probes were
attached to the copper blocks and two further probes directly to the sample using
spot welding.
The resistance that is measured at the outer probes is given by
Rtot ¼ 2Rcu þ 2Rsolder þ 2Rc;met þ 2RNi þ 2Rc þ RMg2Si; ð1Þ
where we have assumed symmetry in contacts and geometry. Eq. (1) can be approx-
imated as Rtot  RMg2Si + 2Rc due to the high electrical conductivity of the copper
blocks, the metal solder and the Ni electrode layer itself. Contact resistances between
the copper and the solder as well as the Ni and the solder 2Rc;met can also be
neglected as these are metal–metal interfaces. RMg2Si is the resistance of the Mg2Si
fraction of the sample and Rc the to be determined contact resistance. The composite
electrical conductivity of the Mg2Si sample with Ni electrodes is then given by
rtot ¼ 1Rtot 
lMg2Si
A
; ð2Þ
where lMg2Si is the length of the sample without the Ni electrodes and A its cross sec-
tion. The conductivity of the material rMg2Si can be determined directly using the
voltage across the inner two voltage probes Uin that are positioned at distance lin:Fig. 1. Scheme for integral contact resistance measurements. The voltage measured
across the inner probes is used to calculate the Mg2Si material conductivity, while
the voltage across the outer probes includes the contact resistances at the Ni/Mg2Si
interface.rMg2Si ¼ IUin 
lin
A
: ð3Þ
The speciﬁc contact resistance rc ¼ Rc  A can thus be calculated using
rc ¼ lMg2Si2
1
rtot
 1
rMg2Si
 
ð4Þ
For comparison we have also fabricated samples from the same powder with
the same sintering parameters without Ni electrodes. In this case electrical conduc-
tivity rMg2Si;ref and Seebeck coefﬁcient were measured in a custom-built setup
[22,23] and the contact resistances were calculated using the reference data
rMg2Si;ref instead of the measured rMg2Si;meas .
To investigate microstructures of the fabricated contacts SEM images were
taken using a Zeiss Ultra 55 equipped with an EDX detector.3. Results
A photograph of an Mg2Si sample with Ni electrodes is
presented together with an electron microscope picture of the
Mg2Si/Ni interface in Fig. 2. The photograph shows dense Mg2Si
without cracks and good adhesion between Mg2Si and Ni.
The SEM picture conﬁrms the good adhesion of the electrode
and shows a layered interface with several distinct phases between
Ni and Mg2Si. EDX line scan and point spectrum analyses were
used to identify these intermediate phases. The results of an exem-
plary line scan are presented in Fig. 2b), where the magnitudes of
the individual intensities have been adjusted for clarity. The results
of four EDX point analyses are given in Table 1.
The top and the bottom layer in the SEM picture with EDX Point
1 and 4 correspond to almost pure Ni and Mg2Si. The region in
between is a ternary mixture of Mg, Si and Ni with different ratios.
An exception are the bright inclusions with a size of 1–10 lm (e.g.
at EDX point 2). These inclusions contain no or very little Mg and
the composition corresponds approximately to the Ni31Si12 phase.
The phase diagram of Ni, Mg and Si exhibits various different ter-
nary phases which might have formed at the employed sintering
temperature of 900 C. The composition at EDX point 3 corre-
sponds approximately to the m and x phase [24] but a mixtureFig. 2. (a) Photograph of an Mg2Si sample with two Ni electrodes and dimensions
2:7 mm  2:7 mm  5 mm. (b): Electron microscope image of the Mg2Si – Ni
interface. The image shows several distinct layers between Mg2Si and Ni that have
formed during the sintering process. Also shown are the results of an EDX line scan
and different positions (‘‘x’’) where EDX elemental analyses have been performed.
The results are given in Table 1.
Table 1
Result of the EDX analysis of the four points marked in Fig. 2. All numbers are given in
at%.
# Ni Mg Si Sb
1 98.9 1.1 0 0
2 70.5 1.8 27.7 0
3 27.6 35.3 35.9 1.1
4 0.4 65.7 33.5 0.5
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ing feature is the Sb (dopant) distribution in the ternary phase. As
can be seen from the EDX line scan it is not distributed evenly, but
enriched close to the interface between Mg2Si and the ternary (Mg,
Si, Ni) region.
The mapping of the Seebeck coefﬁcient and the normalized
electrical potential (U=I) is shown in Fig. 3 for all four side faces
of a Mg2Si sample with Ni electrodes. The Seebeck coefﬁcient map-
ping allows for an easy identiﬁcation of the Mg2Si region (SMg2Si -
 60 lV/K) and the Ni region (SNi  13 lV/K). The magnitude
of both values is smaller but comparable to the bulk integral values
[18,25], which is due to the working principle of the PSM [20]. The
potential mappings show a gradual and linear decrease from left to
right. It can be seen that the isopotential lines are basically parallel
to the contact interfaces indicating a homogeneous current ﬂow. It
can also be seen that the Seebeck coefﬁcient as well as the poten-
tial mapping are very similar for all four sides. The latter indicatesFig. 3. Seebeck coefﬁcient (left) and normalized electrical potential (right) of an Mg2Si sa
The potential shows a steady decrease from left to right while the Seebeck coefﬁcient mthat the current ﬂow is one-dimensional and not distorted due to a
spatially varying contact quality.
Fig. 4(a) shows an exemplary line scan of Seebeck coefﬁcient
and electrical potential perpendicular to the contact layer. The See-
beck coefﬁcient is approximately constant for Ni electrodes and
shows a sharp transition at the interface to the Mg2Si fraction. At
the Ni electrodes the electrical potential is constant due to the high
electrical conductivity of Ni. In the Mg2Si region the potential
decreases linearly from left to right proving homogeneous current
ﬂow. Remarkably there is no visible drop in the potential at the
interface between Ni and Mg2Si indicating low electrical contact
resistances. Fig. 4(b) presents a zoom in of normalized potential
and Seebeck coefﬁcient at the left contact. The minor scatter of
the potential in the Mg2Si part is presumably caused by the micro-
structure of the sample [26].
The contact resistance is calculated from the difference of the
normalized potential extrapolated from Ni and from Mg2Si to the
interface and is 0.05 mX for this contact. The result of this calcu-
lation depends critically on an exact localization of the interface´s
position. As there is no clear drop in the potential data, using this
data only would yield very inaccurate results. However, the See-
beck coefﬁcient changes rapidly at the interface and is therefore
a much more accurate means to identify the interface position.
For this particular line scan the calculated speciﬁc contact
resistances are 3.5 lX cm2 at the left and 5 lX cm2 the right side,
respectively. Evaluation of all line scans shows no signiﬁcantmple with Ni electrodes; the results for all four side faces of the sample are shown.
apping distinctly shows the Mg2Si phase and the Ni electrodes.
(a)
(b)
Fig. 4. Exemplary line scan of Seebeck coefﬁcient and (normalized) potential. (a)
shows a line scan across the whole sample, while (b) presents the data at the left Ni/
Mg2Si interface in highermagniﬁcation. The sharp decrease in the Seebeck coefﬁcient
is used to identify the interface position. The contact resistance is the difference of the
normalized potential in Ni and Mg2Si, extrapolated to the interface position.
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rc = 4.4 lX cm2 with a standard deviation of 2.7 lX cm2.
We have also determined the temperature dependent contact
resistance of an Mg2Si sample with Ni electrodes using Eq. (4).
The apparent electrical conductivity of the sample including the
electrodes rtot is plotted together with the pure Mg2Si material
conductivity from a simultaneous measurement on the very same
sample in Fig. 5. Furthermore shown is the conductivity of a
reference sample prepared without electrodes. The measured con-
ductivities were the same for the heating and the cooling part of
the measurement.
The composite conductivity in Fig. 5(a) shows the same temper-
ature dependence as the pure material conductivity, but lies some-
what lower due to the additional resistance of the contacts. Using
Eq. (4) the speciﬁc contact resistances are calculated using the
measured material conductivity. Employing also the electrical con-
ductivity data measured separately on a reference sample serves as
an additional cross check. Both data sets agree with each other
within the considerable error bars and also agree with the room
temperature value from the microprobe measurement, see
Fig. 5(b). The speciﬁc contact resistance stays relatively constant
over the whole measured temperature regime and is 610 lX cm
between 300 K and 575 K.
4. Error analysis
Error discussion is rarely given for potential measurements; we
therefore want to discuss this in some detail.The error in the potential microprobe contact resistance
measurements is caused mainly by two sources: the uncertainty
in the interface localization, i.e. the extrapolation point position
and secondly by the scatter in the data. In order to address the ﬁrst
point we have used a combination of potential and Seebeck coefﬁ-
cient mapping, reducing the interface position uncertainty signiﬁ-
cantly. The remaining effect of interface position uncertainty,
scatter in the data and uncertainties from the ﬁtting routine can
be quantiﬁed by analyzing several line scans and calculating the
standard deviation. This gives an estimate of the remaining total
uncertainty.
The error in the integral contact resistance measurement also
stems from several sources. Contact resistances are usually calcu-
lated under the assumption of a homogeneous current distribution
and a 1D model is applied, like Eqs. (1)–(4). However, if the contact
resistances are not uniform across the interface, the current
density will be distorted and the voltage difference measured at
two arbitrary positions on a sample can lead to grossly incorrect
results for the contact resistance. Even a mapping of one side of
the sample is not sufﬁcient to be sure that the current ﬂow is
homogeneous and a 1D model can be applied. We have therefore
mapped all four sides of the sample and could show a linear
changing potential with very similar values for all sides, which
allows us to use a 1D model for the interpretation of the integral
measurements with good conﬁdence.
The second class of errors arises from measurement inaccura-
cies. If the simultaneously measured voltage between the inner
probes is employed for contact resistance calculation, Eq. (4) can
be rewritten as
Rc ¼ 12 Rtot  Rin
lMg2Si
lin
 
: ð5Þ
The most important errors are the inaccuracies in the total
length of the Mg2Si fraction DlMg2Si and the distance between the
inner contacts Dlin. The contact resistance with errors is then given
by
Rc ¼ 12 Rtot  Rin 
lMg2Si
lin
1 Dlin
lin
þ DlMg2Si
lMg2Si
   
: ð6Þ
If the conductivity from a reference sample is used for contact
resistance calculation Eq. (4) can be rewritten as
Rc ¼ 12 Rtot 
1
rMg2Si
lMg2Si
A
 
: ð7Þ
Potential sources of errors are again DlMg2Si and the possible dif-
ference between the actual (unknown) sample conductivity and
the reference sample conductivity, e.g. due to slight differences
in the fabrication process. In this case the contact resistance with
errors is given by
Rc ¼ 12 Rtot 
1
rMg2Si
lMg2Si
A
1 Drr þ
DlMg2Si
lMg2Si
   
: ð8Þ
Using DlMg2Si = 50 lm, Dlin = 100 lm, Dr/r = 0.04 the error bars
shown in Fig. 5(b) are obtained.
5. Discussion
The microstructural analysis of the contact shows the formation
of an intermediate layer and good mechanical contact between this
interface layer and the Ni and Mg2Si bulk phase. EDX analysis
shows that the interface layer is composed of different ternary
Mg/Ni/Si phases with some Ni31Si12 inclusions. Interesting is the
Sb precipitation near the Mg2Si/intermediate layer interface.
Nakamura et al showed that on a micro scale the contact resistance
does not arise at the Ni/intermediate layer interface or stems from
Fig. 5. (a) Electrical conductivity of the Mg2Si fraction of the sample rMg2Si;meas , the
apparent electrical conductivity of sample including the Ni electrodes, rtot and the
electrical conductivity of a reference sample without Ni electrodes rtot . While Mg2Si
conductivity and reference sample conductivity are very similar the apparent
electrical conductivity of the composite is slightly reduced due to the contact
resistances at the Mg2Si/Ni interfaces. The results for the temperature dependent
speciﬁc contact resistances using the concurrently measured conductivity as well as
the reference material conductivity are presented in (b). Both results are identical
within the error bars and show also good agreement with data from the PSM
measurements. The speciﬁc contact resistance is 610 lX cm2 between 300 K and
575 K.
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Mg2Si and the intermediate layer, i.e. where we ﬁnd the Sb precip-
itation [17].
Contact resistance measurements with the combined Potential-
Seebeck Microprobe yield a very low contact resistance of
4.4 ± 2.7 lX cm2. This value is comparable to a result of
5.5 ± 0.3 lX cm2 from Thimont et al. for a similarly prepared Ni/
Mg2Si contact [26]. Nakamura et al. tested mono-bloc sintering
with Ni powder only and a Mg2Si/Ni powder buffer layer and
obtained 130 lX cm2 and 320 lX cm2 with and without the
buffer layer, respectively. These values are comparable to work
from Sakamoto et al. [16] who reported 320 lX cm2 if Ni powder
was used as starting electrode material and 160 lX cm2 if an
additional layer of CoSi2 or CrSi2 was employed. As the employed
fabrication technique is the same the question arises why our
results and the results from Thimont et al. are 1–2 orders of mag-
nitude better. One noticeable difference is that we employed
higher compaction temperatures than e.g. Sakamoto et al [16].
Another difference is the use of Ni foil rather than Ni powder. Com-
parable experiments using Ni powder and foil to form the interface
yielded contact resistances > 100 lX cm2, indicating that Ni foil
forms superior contacts compared to Ni powder. The reason for
this is currently not clear and requires further investigation.
Measurements on all four sides of the sample also show very
similar potential distributions indicating spatially homogeneouscurrent ﬂow due to good contact formation at the whole interface.
Certainty of homogeneous current ﬂow is the prerequisite for
sensible integral contact resistance measurements relying on a
simple 1D model. We were able to determine integral values for
the contact resistances using such a 1D model. This was done by
measuring the compound conductivity including the Ni contacts
and the Mg2Si conductivity simultaneously or by the use of refer-
ence data. Both data sets agree with each other and the result from
the microprobe measurement. As the integral measurement is
essentially a differential measurement the measurement accuracy
decreases with increasing contact quality. Furthermore the results
for the integral contact resistance measurements depend sensi-
tively on sample and contact geometry and therefore possess con-
siderable measurement uncertainties. Nevertheless, we could
show that the contact resistances are 610 lX cm2 from room tem-
perature to 575 K, indicating very good suitability for module
assembly [27,28]. Our results are slightly lower than recent results
from Kim et al. who characterized soldered contacts for Mg2Si [29].
Our results show that one-step sintering of Mg2Si powder and
Ni foil is a very simple and promising approach for preparing good
contacts and building magnesium based modules. Future work will
have to include measurements to higher temperatures as well as
the investigation of contact and material stability with respect to
thermal cycling.6. Conclusion
In this study we have prepared doped Mg2Si samples with Ni
electrodes using a one-step sintering technique. We have studied
the microstructure of the interface and found an intermediate layer
that shows good adhesion to both Ni and Mg2Si. The intermediate
layer consists of different ternary phases from Mg/Si/Ni and Si12-
Ni31. Contact resistance measurement using a microprobe tech-
nique showed very low contact resistances of 4.4 ± 2.7 lX cm2.
The simultaneous mapping of the Seebeck coefﬁcient proved very
useful for the contact resistance calculation as it is much easier
to identify the interface position from the rapidly changing See-
beck data than from the gradually changing potential. We have fur-
thermore scanned all four sides of a sample proving good contact
quality at the whole interface and consequently a homogeneous
current ﬂow in the sample. We have also measured the tempera-
ture dependent contact resistance between 300 K and 575 K using
an integral technique. These measurements are in agreement with
the microprobe results and showed contact resistances
610 lX cm2 throughout the measured temperature regime. Our
results indicate that one-step sintering of Ni electrodes is a very
promising technique for the assembly of magnesium silicide based
thermoelectric generators.Acknowledgements
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